Arch Virol by Purdy, Michael A. & Sue, Amanda
The effect of phylogenetic signal reduction on hepatitis E virus 
Orthohepevirus A genotyping
Michael A. Purdy1 and Amanda Sue1
1Division of Viral Hepatitis, Centers for Disease Control and Prevention, 1600 Clifton Rd NE, 
Atlanta, GA 30333, USA
Abstract
Commonly hepatitis E virus (HEV) sequences are genotyped phylogenetically using sub genomic 
sequences. This paper examines this practice with Orthohepevirus A sequences. As the length of 
sequences becomes progressively shorter the number of identical sequences in an alignment tends 
to increase; however these sequences don’t lose their genotypic identity down to 100 nucleotides 
in length. The best substitution models tend to become less parametrized, bootstrap support 
decreases and trees created from short sub genomic fragments are less likely to be isomorphic with 
trees from longer sub genomic fragments or complete genome sequences. However, it is still 
possible to correctly genotype sequences using fragments as small as 200 nucleotides. While it is 
possible to correctly genotype sequences with short sub genomic sequences, the estimates of 
evolutionary relationships between genotypes degrade to such extent that sequences below 1600 
nucleotides long cannot be used to reliably study these relationships, and comparisons of trees 
from different sub genomic regions with little or no sequence overlap can be problematic. 
Subtyping may be done but requires a careful examination of the region to be used to ensure it 
correctly resolves subtypes.
Introduction
Hepatitis E virus (HEV) is enterically transmitted, and is the causal agent for a self-limiting 
acute hepatitis with mortality rates <2% among immunocompetent individuals [8]. However, 
the infection may become chronic in immunocompromised individuals and high mortality 
rates (10–30%) are seen among pregnant women [7, 21]. Initially HEV was only isolated 
from humans but over the past two decades HEV and HEV-like viruses have been isolated 
from a number of hosts. These discoveries have resulted in a recent restructuring of HEV 
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taxonomy [6, 17]. Two genera are now recognized; Piscihepevirus containing cutthroat trout 
virus (CTV) and Orthohepevirus containing all known avian and mammalian HEVs. 
Orthohepevirus contains four species; Orthohepevirus A, Orthohepevirus B, Orthohepevirus 
C and Orthohepevirus D. Orthohepevirus A is important because the only HEV strains 
presently known to infect humans belong to this species. There are seven recognized 
genotypes in this species. Genotypes 1 and 2 infect humans anthroponotically. Genotypes 3 
and 4 infect humans zoonotically, usually through consumption of infected meats that are 
improperly prepared. At present it is not known whether genotypes 5 or 6 can infect humans. 
A recent report details the infection of a transplant patient who became chronically infected 
with genotype 7 after consuming meat and milk from camels [10].
A phylogenetic tree is a graph showing the inferred evolutionary relationships among a set 
of taxa. This relationship is estimated through an algorithm that calculates the degree of 
similarity/dissimilarity among the taxa. The taxa occupy the external nodes (leaves) of the 
tree. Internal nodes represent hypothetical ancestor states among the taxa. The edges 
between pairs of nodes can represent evolutionary time or genetic distance between the 
nodes. Two trees containing the same taxa and showing identical inference of evolutionary 
relationships among these taxa are said to be isomorphic.
It is important to be able to genotype HEV isolates for molecular epidemiologic research, 
and diagnostics, for example among pregnant women. Sequencing full length genome 
sequences can be expensive, time consuming and difficult [2]. Because of this, many 
researchers opt to isolate and sequence subgenomic regions [26]. Because these subgenomic 
regions contain less phylogenetic signal than the complete genome there is a question as to 
whether subgenomic regions can be used to faithfully reproduce the evolutionary 
relationships inferred among complete genome sequences. Can a specific subgenomic region 
be used to genotype or subtype a set of taxa? Is the subgenomic tree isomorphic with the 
complete genome tree?
To examine these questions researchers have compared phylogenetic trees from various 
subgenomic regions versus the complete HEV genome to determine the best subgenomic 
region to genotype HEV (Orthohepevirus A) [1, 14, 24]. Statistical methods have also been 
applied to determine the best subgenomic region to use for genotyping HEV [22, 23, 25, 26]. 
Most of these analyses have been conducted with genotypes 1–4 from the Orthohepevirus A 
species because of the impact of these genotypes on human health. With the characterization 
of additional Orthohepevirus A genotypes and a restructuring of Hepeviridae taxonomy the 
use of subgenomic region for genotyping of HEV needs to be re-examined. The ability to 
accurately genotype and subtype HEV has practical applications for gaining information 
about the evolutionary history of HEV, and epidemiological and clinically relevant 
information may be associated with specific subtypes. For example, delineating an outbreak 
by the clustering of sequences, confirming transmission from a suspected source and 
associating the connection between genotype/subtype and phenotype, e.g. differences in 
transmissibility between susceptible species and disease severity.
As sequence length shortens, the number of segregating sites in that sequence is reduced in a 
linear fashion. With the loss of segregating sites, the amount of phylogenetic information 
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available to a phylogenetic algorithm is reduced. This paper examines how this loss of 
information affects genotyping of HEV with respect to the genomic region used and the 
length of sequence required to unambiguously genotype Orthohepevirus A sequences.
Materials and Methods
Sequences
Only sequences from the Orthohepevirus A genus were examined because few full length 
representatives exist for other Orthohepevirus species and this species is important to human 
health. Full length genome sequences from Orthohepevirus A were collected from GenBank. 
Heterogenotypic recombinants were removed from the collection. Open reading frame 1 
(ORF1) and ORF2 sequences were concatenated. This included all nucleotides from position 
1 to 5106 for ORF1 and positions 5147 to 7126 for ORF2 (reference M73218). The 
polyproline region was removed from these sequences because the indel (insertion/deletion) 
structure of this region suggests that the evolution of this region is complex and the 
assumptions under which phylogenetics is conducted cannot be applied to the polyproline 
region [15]. The bases removed were 2119 to 2358. The rabbit HEV insertion starting at 
position 2814 was removed from the rabbit HEV sequences. Because most of ORF3 
overlaps ORF2 it was not concatenated to ORF1/ORF2 as this would duplicate this sequence 
information. This resulted in a sequence 6846 nucleotides long. Sequences with gaps and/or 
ambiguous bases were not removed. The percentage of gaps and ambiguous bases did not 
exceed 0.022%. Duplicate sequences were removed (Table S1). For analysis of subgenomic 
regions the sequences were divided into three sub regions; ORF1N, 2118 nt long (positions 1 
to 2118, corresponding to positions 1 to 2118 in M73218), ORF1C, 2748 nt long (positions 
2119 to 4866, corresponding to positions 2359 to 5106 in M73218) and ORF2, 1980 nt long 
(positions 4867 to 6846, corresponding to positions 5147 to 7126 in M73218). Sub regions 
were further subdivided using a sliding window strategy (Table 1). Sequence fragments 
longer than 1800, 2200 and 1600 nt for the ORF1N, ORF1C and ORF2 regions, 
respectively, were created as a single alignment from the center of each subgenomic region. 
Sequences were segregated by genotype. Genotype 3 was further segregated into three 
subtype clusters; 3A (containing subtypes a, b, c, h, I and j), 3B (containing subtypes e, f, 
and g) and 3R (HEV from rabbits) based on a maximum likelihood phylogenetic tree created 
using the concatenated ORF1/ORF2 sequence alignment (Fig. S1) [5, 18]. A total of 182 
sequences were examined in each data set. The number of data sets examined in each 
subgenomic region is listed in Table S2.
A child sequence, or a sub-genomic region, is a sequence that contains a subset of bases 
from a parent sequence such that all the base positions found in the child are contained in the 
parent and the total number of bases in the child are less than the number of bases in the 
parent.
Identical Sequences
Identical sequences were identified as taxa having identical character strings in a sequence 
fragment data set and were found using a regular expression in a Perl script. Although the 
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number of identical sequences and the number of clusters formed by these identical 
sequences were determined only the total number of taxa found is reported here.
Phylogenetics
Phylogenetic analysis was done using MEGA-CC (ver. 7.00-beta) [9]. MEGA-CC was used 
to determine the best substitution model for each sequence set. The best substitution model 
was used to create a maximum likelihood tree with 200 bootstrap iterations unless otherwise 
noted [12]. Information on the best substitution model and bootstrap values were saved for 
each tree. Segregating sites were calculated using Tajima’s test of neutrality as implemented 
in MEGA-CC [20]. The number of segregating sites was calculated by subgenomic region 
by progressively truncating each sequence set by 50 nt from the 3′-end. Pairwise distances 
were calculated for the concatenated ORF1/ORF2 sequences and the three subgenomic 
sequence data sets using the p-distance model with default parameters.
Isomorphism
TOPD-FMTS (version 3.3) was used to compare trees with the split method (a normalized 
Robinson-Foulds metric) [13]. The Robinson-Foulds metric calculates the distance between 
two unrooted trees (A and B), where the distance is calculated as the sum of the number of 
leaf partitions found in A but not in B and the number of partitions in B but not in A [13]. 
Isomorphic trees will have a normalized distance of zero and trees that do not share any 
partitions will have a normalized distance of one. Trees from each sequence window were 
compared to their parent sequence data set to determine whether any tree generated from a 
child sequence data set was isomorphic with its parent sequence data set. Child sequences 
from each subgenomic region of the same length were compared to determine whether child 
sequences were isomorphic with each other.
Results
The concatenated ORF1/ORF2 sequence was subdivided into three regions. The first, 
ORF1N, containing sequences from the 5′ end of ORF1 to the polyproline region. The 
polyproline region was not included because of its evolutionary history [15]. The second, 
ORF1C, containing sequences from the polyproline region to the 3′ end of ORF1. The third, 
ORF2, contained ORF2 sequences. This was done because of the computational time 
required to do some of the analyses with the concatenated ORF1/ORF2, and it also allowed 
an examination of the behavior of these three regions.
Segregating Sites
It is expected that as the length of a sequence fragment decreases the number of segregating 
sites will also decrease. This can be seen in the three Orthohepevirus A subgenomic regions, 
which were progressively shortened from their 3′ ends. (Fig 1). As the length of the 
sequence fragments are decreased the number of segregating sites decreased in a linear 
fashion. This indicates that the number of segregating sites in an oligonucleotide is 
proportional to the length of the fragment. This loss of phylogenetic information should 
result in sequences tending to become more similar; leading to the question of how this 
information loss affects intragenotypic or intergenotypic clustering of sequences.
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As phylogenetic information is lost some sequences may contain identical information. The 
original ORF1/ORF2 sequences data set did not contain any identical sequences. This is not 
true of the sequences from the subgenomic regions. There were 6, 3 and 2 identical 
sequences in the ORF1N, ORF1C and ORF2 sequence alignments, respectively. Using a 
sliding window strategy (Table 1) these three regions were fragmented into sub alignments 
to see how the number of identical sequences changed with fragment length. Unlike the loss 
of segregation sites the decrease in fragment length and increase in the number of identical 
sequences appears to follow a power law curve (Fig. 2). Interestingly, even down to a 
fragment length of 100 nt identical sequences were always found among homogenotypic 
sequences. None of the identical sequences found in a cluster of identical sequences was 
from different genotypes. So even though more identical sequences are found as the 
fragment length decreases, this did not lead to a situation where a sequence would have been 
misidentified as belonging to an incorrect genotype.
Substitution Models
The best substitution model for each sequence alignment was determined in MEGA-CC 
using the find best model option. The best model for the parent sequences was the GTR+G
+I model. As the length of the fragments being analyzed decreases the best models tend to 
be less highly parameterized (Table 2). The best model for alignments below 400 nt is not 
uniform across all fragments, and suggests that modeltest, a program that selects the best 
nucleotide substitution model for a set of aligned sequences, should be run to determine the 
best substitution model for shorter length sequence alignments.
Branch Support
To test branch support as a function of fragment length bootstrap analysis was used. Because 
of the computational time involved in using 1000 bootstrap replicates for longer fragment 
lengths, this analysis was done using 200 replicates [12]. To test the assumption that 200 
replicates would be sufficient, bootstrapping was conducted on ORF2 analyzing the results 
of 200 versus 1000 replicates for the sub genomic 200 nt fragment and the parent ORF2 
alignments. The p-value for the comparison of two samples assuming equal variances was 
0.46 and 0.45 for the 200 nt fragments and the parent ORF2 alignment, respectively, 
indicating that the 1000 replicate bootstrapping was not significantly better that the 200 
replicate bootstraps.
Bootstrap values only yield useful information for branches within a tree, and not for the tree 
as a whole [3, 4]; however, the mean bootstrap value for a tree is still an overall measure of 
reliability when comparing multiple trees. The more branches with high bootstrap values the 
higher the mean bootstrap and the higher the number of credible clades within a tree. Thus, a 
tree with a higher mean bootstrap value probably has a higher number of branches with 
credible bootstrap values. To test this the number of branches with minimum bootstrap 
values of 0.9 were examined by fragment length. This showed that as the fragment length 
decreased the number of branches with minimum values of at least 0.9 decreased (Fig S2). 
As the length of a sequence fragment decreases the mean bootstrap value for those 
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fragments also decrease indicating that the overall support for the branches within the tree 
decrease (Fig. 3 and Table S3).
To use phylogenetics to genotype a set of sequences, the bootstrap value for a clade with 
sequences from a single genotype is important to ensure that a genotypic clade is well 
supported. To examine branch support two types of branches were examined. The first was 
the parent branch of a genotypic clade. The second was the branch connecting different 
genotypic clades. For the parent ORF1N, ORF1C and ORF2 maximum likelihood trees the 
mean bootstrap values for genotypic clades as 0.98±0.036, 1.0 and 0.99±0.018, respectively. 
The bootstrap for the connecting branches was 0.98±0.026, 0.96±0.085 and 0.93±0.054, 
respectively. These data were also examined for well-formed genotypic clades from the 200 
nt fragment trees for the three subgenomic regions. For ORF1N the mean bootstrap value for 
the genotypic clades was 0.80±0.22, for the connecting branches the mean bootstrap value 
was 0.44±0.26 and the p-value between these two sets of data was <0.001. For ORF1C these 
values were 0.77±0.23 and 0.41±0.21, respectively (p< 0.001). For ORF2 these values were 
0.72±0.28 and 0.41±0.28, respectively (p< 0.001). This indicates that the support for the 
branches connecting genotypic clades decreases more rapidly than the support for the 
genotypic clades. This suggests that as fragment length decreases the information about the 
evolution relationship between genotypic clades deteriorates more quickly than the 
information about the sequences contained within a genotypic clade (see also Genotyping 
with Sub Fragments, below).
A similar trend is seen when comparing the 1600 nt trees to 200 nt trees (Fig. S3). Support 
for genotypic clades is higher than for the branches connecting the genotypic clades and the 
1600 nt fragments have better support than the 200 nt fragments. Outliers are seen for the 
ORF1N and ORF1C 1600 nt fragments (Fig. S3). With respect to the genotypic outliers seen 
for the ORF1N 1600 nt fragments, these outliers are all due to the genotype 6 sequences. 
With respect to the connecting branch outliers seen for the ORF1C 1600 nt fragments, these 
outliers are all due to the branch connecting genotypes 4 and 7. These types of outliers are 
not seen with ORF2.
Isomorphic trees
While the main thrust of sub genomic fragment genotyping has been to genotype and 
subtype HEV sequences [1, 14, 26] the statistical methods are based on finding a specific 
tree from a sub genomic region that is most nearly isomorphic with the parent tree [22, 23, 
26]. To determine which sub genomic regions generate trees that are the most isomorphic 
with their parent tree, trees from sub genomic fragments were compared with their parent 
tree using the Robinson-Foulds metric [13]. Fig. 4 shows that each sub genomic region has a 
range of values with some fragments being more nearly isomorphic than others (closer to a 
value of zero), but overall as the fragment length becomes shorter the trees created from 
these fragments are less likely to be isomorphic with their parent. This indicates that 
fragment length is more important than the region chosen for isomorphism. These data also 
show that even the removal of as little as 18 nt (Fig. 4; ORF1N, 2100 nt) results in a tree that 
may no longer be isomorphic with its parent tree.
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Next the trees within a sub genomic length were compared to each other. Because a sliding 
window was used to create the fragments, there is overlap among some of the sequences. 
Comparing the tree from a sliding window allows for comparison of the effect of sequence 
overlap. Fig. S4 shows the results for trees created from 1000 nt long sequences. As the 
amount of overlap between the child alignments increases the trees tend to become more 
nearly isomorphic. This supports the results from Fig. 4 where the longer the common 
length between two alignments the more nearly isomorphic the trees. These results are 
similar for other fragment lengths (data not shown). In addition the 1000 nt overlaps in this 
figure compare the structural similarity between the child trees to the parent tree. Child trees 
with no overlap tend to be no more isomorphic than they are with the parent tree, and in 
many cases are less isomorphic. Additionally, as the amount of overlap increases among sub 
fragment trees, the more isomorphic they become with each other than with their parent. 
This indicates that not only do trees tend to be more nearly isomorphic as the length of the 
fragment increases, but they tend to be more nearly isomorphic as the fraction of shared 
sequence increases with respect to the total number of bases being compared.
Genotyping with Sub Fragments
To this point isomorphism has been defined as tip by tip comparison of tree structures. 
However, for the purposes of genotyping trees may be considered to be isomorphic if 
genotype specific sequences cluster into genotypic clades, and these clades are isomorphic 
to the genotypic clades in the parent tree. In other words, the comparison is not tip by tip, 
but genotypic clade by genotypic clade. All genotype sequences are clustered into genotype 
specific clades, and the branching among genotype clades is the same as seen in the parent 
tree. The parent trees for ORF1N and ORF1C are genotypically isomorphic with the ORF1/
ORF2 tree, but the parent ORF2 tree is not genotypically isomorphic. Examination of trees 
from sub genomic alignments versus their parent sequence shows that as the fragment 
lengths decrease the corresponding trees are less likely to be genotypically isomorphic with 
their parent (Table 3, column I). As the fraction of isomorphic trees decreases there is an 
increase in the number of anisomorphic trees (Table 3, column A). These are trees in which 
all genotype sequences are clustered into genotype specific clades, but the branching 
relationship between genotype clades is not maintained. This may be due to the more rapid 
decrease in support for connections between genotypic clades versus the support for 
genotypic clades (Fig. S2). All sequences genotype correctly in the anisomorphic trees. 
These data indicate there is a sub genomic fragment of 200 nt in each of these three sub 
regions in which sequences can be genotyped correctly. There is also an increase in the 
number of trees in which not all sequences will genotype correctly (Table 3, column D). 
This disruption involves a single genotype until the fragment length is 200 nt where multiple 
genotypes may be disrupted (Table 3D).
ORF1N—This region is more likely to exhibit disruptions to genotypic clades. The 
disruption of genotypes seen in this region for fragments >= 400 nt in length is due to 
genotype 5 merging with genotype 6 (Fig. S2; ORF1N, 1600 nt). Sequences from genotypes 
1–4 and 7 cluster correctly into their respective genotypes.
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ORF1C—This sub region is the most stable with respect to genotyping with disruption of 
some genotypes only occurring with the 200 nt fragments.
ORF2—The sub genomic sequences in this region tend to be more isomorphic with the 
parent ORF2 parent alignment than in the other two regions for fragments >=600 nt in 
length.
Rabbit HEV—The segregation of genotype 3 sequences into three clades allows for an 
examination of whether HEV from rabbits should be a genotype unto itself (Fig S1). 
Currently rabbit HEV is classified as genotype 3. Table 3 shows there is sequence mixing 
among genotype 3 clades (Table 3, column 3). For the ORF1C region this is due primarily to 
sequence AF455784 (This is HEV genotype 3 isolated from a piglet experimentally infected 
with virus from a human stool collected during an outbreak in Osh, Kyrgyzstan between 
1987–1989.) for fragments greater than 400 nt. This is not the case with ORF1N or ORF2. 
The intermixing of the genotype 3 clades occurs before disruption of genotype 3 sequences 
is seen among genotypes (Table 3, column 3 vs. column G) except for ORF1N where 
genotype 5 merges with genotype 6. The reason for this is seen when p distance values for 
maximum and minimum inter-clade distances are compared. The minimum p-distance 
between the 3A/3B clade and rabbit HEV (R) is smaller than the maximum within clade p-
distance for 3A/3B and R, respectively, in the ORF1N and ORF2 sub regions (Table 4). This 
indicates there is overlap in the range of distances between some of the 3A/3B and R 
sequences, and the rabbit HEV sequences belong to genotype 3. For ORF1C the minimum 
p-distance between the 3A/3B clade and rabbit HEV (R) is smaller than the maximum 
distance within 3A/3B but not within the R clade. Still this shows that there is overlap in the 
range of distances between some rabbit HEV sequences and 3A/3B sequences. An 
examination of minimum p-distances between all other clades shows that these distances are 
larger than the corresponding within clade maximum distances, indicating there is no 
overlap in the range of distances between any other clade (genotype).
Subtyping
There is controversy surrounding HEV subtyping. One example is the recent question over 
whether sequences found in France belonged to subtype 3i or 3c [11, 19]. An attempt has 
been made to delineate HEV subtypes [19]; however, an examination of Smith et al., 2016 
will show that some genotype 3 and 4 subtypes are represented by a single sequence and 
some sequences could not be unambiguously subtyped. This raises the question of whether 
an analysis of subtypes can be done using sequences that have not been classified or whether 
it is meaningful to do such an analysis with only sequences that have been assigned. It was 
decided to do an analysis of subtyping with genotype 1 as a proxy for other genotypes to see 
if a lower limit could be established. But even using genotype 1 doesn’t get around the 
problem of unassigned subtypes as FJ547024 has not been assigned to a specific genotype. 
Another way to estimate how well subtyping can be done is to look at the behavior of the 
genotype 3 clades 3A, 3B and 3R to see how well the sequences within each clade maintain 
their clade integrity.
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Figure 5 shows the results of these analyses. The gray blocks in this figure show the 
beginning of windows that could not be used to unambiguously subtype genotype 1 or 
maintain the clade structure of genotype 3. The beginning of these regions is shown because 
of the ambiguity in resolving subtype or clade structure. For example in the ORF1N region 
using an alignment of 1000 nt genotype 1 subtypes cannot be completely resolved using an 
alignment starting at position 401 but if the start of the alignment is shifted 50 bases 
upstream or downstream the subtypes can be completely resolved phylogenetically. This 
figure shows that while the regions in which neither genotype 1 subtypes nor genotype 3 
clades can be resolved overlap, there are regions where they don’t overlap. Additionally the 
punctuated regions where the start of alignments do not result in resolution of genotype 1 
subtypes or genotype 3 clades suggest that the bases contributing to the loss of resolution are 
not uniformly distributed across the genome or concentrated to specific regions. This 
suggests that the best strategy for subtyping is to create an alignment of as many full length 
sequences across the ORF1N, ORF1C or ORF2 where subtyping is to be done and create a 
sub genomic alignment of the specific region to be used and determine how similar the sub 
genomic tree is to the parent tree. Alignments equal to or greater than 1400 nt appear to 
resolve subtypes correctly.
The results for the ORF1N region cannot be compared with either ORF1C or ORF2 because 
sequence D11093, initially identified as subtype 1b, was found to be a 1b/1a recombinant. 
The crossover points from 1b to 1a and back are about 860 and 2020 nt based on a bootscan 
analysis using Simplot (ver. 3.5.1)(data not shown). Additionally FJ547024 appears to be 
recombinant with subtype 1a in the same region, but this could not be confirmed using 
Simplot. Because of the recombinant nature of these sequences they were removed from the 
analysis.
Discussion
Genotyping and subtyping of HEV sequences is important for the discovery of evolutionary, 
epidemiological and clinical significant information. The most valuable information will 
come from complete genome sequences, but it is not always possible to fully sequence a 
genome from a specimen. For this reason it is important to be able to determine whether the 
information obtained from a sub genomic region contains relevant and significant 
information, and reflects results that are representative of the information obtained from 
genomic sequences. Several statistical analyses have attempted to delineate the best 
subgenomic region for genotyping and subtyping [22, 23, 25]. These analyses use 
mathematical models to fine the best region for analysis but do not describe the features that 
result in the determination of a specific region. In addition each analysis has described a 
different region. This study attempts to examine this question from the standpoint of the 
factors that may affect the use of a subgenomic region and determine how these factors 
change from region to region along the genome. These factors include segregating sites, 
polytomes, bootstrap support, substitution models and isomorphism. We also examined 
whether different subgenomic regions can be compared to each other as multiple 
subgenomic regions are used for genotyping and subtyping of HEV.
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One problem with using sub genomic fragments for analysis of genotypes and subtypes is 
the loss of segregating sites (Fig. 1). One effect of using sub genomic fragments is that such 
fragments are more likely to become more similar to each other with the loss of 
phylogenetic information. This can be seen with the increase in the number of identical 
sequences present in an alignment as the size of the fragment decreases (Fig. 2). However, as 
fragment length decreases and the number of identical sequences rises, the genotypic 
identity of these sequences is not lost and their genotypic identity is maintained down to 
fragments as short as 100 nt (Fig. 2).
Another effect of sequence reduction is that the best substitution model as determined by 
modeltest tends to become less parametrized than the best model for the parent sequence 
(Table 2). However, this change is not uniform across all fragments of the same size and 
each fragment needs to be analyzed to find the best substitution model.
As fragment length is reduced the number of well supported branches in the resulting trees 
as estimated by bootstrapping tends to decrease (Fig. 3 and S1). This decrease occurs more 
rapidly among the branches connecting genotypic clades than for the genotypic clades 
themselves (Fig. 3 and S2). If a researcher is careful they can find fragments as short as 200 
nt, which will allow unambiguous genotyping of sequences, but the evolutionary 
relationship between the genotypes will be lost (Fig. S3, Table 3 and Table S3).
While sub genomic fragments can be found that are statistically better for genotyping HEV 
than similar sized fragments, this study indicates that the length of a subgenomic sequence 
and the fraction of bases in common between two subgenomic regions are more important 
variables for genotyping HEV sequences with subgenomic fragments than the region 
chosen.
As subgenomic fragments become shorter it is more likely that some of these sequences will 
have identical sequences and form a polytomy. As soon as a polytomy forms the 
subgenomic region containing the tree created from these child sequences cannot be 
isomorphic with their parent.
An evaluation of subtyping is complicated by the fact that there is differing genetic diversity 
within genotypes, in some genotypes genetic distinctiveness blurs into a continuum of 
variability and it is difficult to reliably cluster sequences into subtypes even with complete 
genome sequences [16, 19]. Because of this, distance based and phylogenetic methods 
cannot always provide clear criteria for demarcation of sequences into subtypes [19]. Using 
genotype 1 subtypes and genotype 3 subclades an attempt was made to determine the 
effectiveness of subtyping using subgenomic regions. This analysis suggests that the 
diversity in these sequences that interferes with resolving subtypes in subgenomic regions is 
neither uniformly distributed nor confined to specific subregions along the genome. 
Additionally, a shift in the position of a subgenomic alignment as small as 50 bases from one 
position to another may result in one region that will resolve subtypes while the small shift 
may result in an alignment that cannot resolve subtypes unambiguously even in subgenomic 
alignments as long as 1000 nt (Fig 5).
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One limitation with this study is the low number of sequences available for genotypes 2, 5, 6 
and 7. The true nucleotide diversity within these genotypes is unknown, and the behavior of 
these genotypes cannot be fully examined. This means that most of the results for genotypic 
isomorphism come from genotypes 1, 3 and 4. Additionally, data presented here shows that 
genotype 5 merges with genotype 6 in ORF1N in fragments equal to or shorter than 1000 nt. 
This may indicate that genotypes 5 and 6 are not separate genotypes, but more sequences 
will need to be isolated from these genotypes before such a determination can be made.
The present study suggests that researchers can reliably genotype HEV Orthohepevirus A 
sequences using sub genomic fragments, even down to 200 nt, if they realize the pros and 
cons of using sub genomic alignments. These results also suggest that the evolutionary 
relationships between Orthohepevirus A genotypes cannot be reliably correlated between 
alignments that do not share a high fraction of sites in common. The best option would be to 
use full length genome sequences or complete gene sequences depending on what is being 
researched. If complete genome sequencing is not an option then the longer the sub genomic 
region being analyzed the more reliable the genotyping and the evolutionary relationships 
between the genotypes. On the other hand subtyping is more complex and may require 
comparisons between parent ORF1N, ORF1C and ORF2 sequences and the subgenomic 
region to be used to determine the best region for subtyping.
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Fig. 1. Number of segregating sites by sub region as sequence length is decreased
Parent sequences for each sub region were progressive shortened from the 3′-end of the 
sequence. The black line through the data points is the regression line through the data.
Purdy and Sue Page 13














Change in the number of identical sequences with respect to sequence length by sub region
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Change in the mean of bootstrap support for all branches in a tree with respect to sequence 
length by sub region
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Change in the normalized Robinson-Foulds metric with respect to sequence length by sub 
region
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Starting positions of sliding window alignments in which genotype 1 subtype and/or 
genotype 3 clade structure is not conserved in the alignment. Light gray – genotype 1 
subtypes, dark gray – genotype 3 clades, black – both genotypes 1 and 3. The vertical lines 
demark the start and stop of the parent alignment. See the text for more information.
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Table 4
Nucleotide p-distance matrix by clade.
a
For each sequence region the boxed diagonal is the maximum p-distance within a clade. The upper right of the matrix contains the maximum p-
distances between clades. The lower left of the matrix contains the minimum p-distances between clades. Matrix column and row headers indicate 
genotype except for 3 (3A and 3B sequences) and R (3R, HEV from rabbits).
b
The bold value in the lower left of the matrices shows the minimum distance between 3 (3A and 3B) and R (HEV from rabbits).
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